SINCE Bowditch's classic description of the effect of stimulation frequency on the force of contraction of the frog ventricle,' the relations between contractile force and heart rate have been studied in many animal species.2 7 Indeed, Kruta8 has suggested that "the basic mechanism of inotropic effects of all changes of frequency (or even of one single interval) exists in all vertebrate myocardial preparations, and is one of the most striking and important features of the mechanical response of the heart muscle." It has been observed, however, that the detailed nature of the inotropic response to changing frequency varies between species,4' and while the influence of changing heart rate in man has been studied in relation to hemodynamics,9 12 no direct measurements of the force-frequency relationships in the intact human heart have been made. In the present study, the effects of alterations in heart rate on the dynamics of force development were determined in the human right ventricle in the course of corrective intracardiac operations. Coronary blood flow was not interrupted, and this obviated the limitations of myocardial oxygen supply encountered with in vitro preparations. It was observed that velocity of myocardial contraction and the duration of contraction varied inversely with heart rate as in other species. In the human heart, however, force of contraction was found to change little with large alterations in rate.
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Methods
Walton-Brodie strain-gauge arches13 were sutured to the right ventricles of 11 in df/ dt was always accompanied by a significant decrease in the time to peak contractile force, averaging -31 + 3.5%.
The transient effects of sudden changes in the frequency of stimulation are illustrated in figures 4 through 6. When heart rate was increased abruptly (fig. 4) , the force of the subsequent contraction was of lesser magnitude than the control beat, and force then gradually rose to reach a value approximating the control one within 5 to 10 contractions. In this patient PT increased slightly with increasing heart rate while large inverse changes in df/dt and TTPT occurred. Designations same as in figure 2.
RATE 79/min.
The time to peak force also decreased with the first contraction after rate was increased, that is, with the first contraction with a shorter interval between stimuli ( fig. 6, upper  panel) ; thereafter, the time to peak force remained relatively constant. In contrast, the peak df/dt increased only slightly with this first contraction, but then increased progressively, reaching a constant value at approximately the same time as the contractile force. With a sudden decrease in frequency of stimulation ( fig. 5 ) the reverse process was noted. The force of the first contraction at the slower frequency was generally increased, and in subsequent beats force gradually declined to the control value (figs. 5 and 6, lower panels). The time to peak force increased with the first contraction at the slower frequency, that is, with the first contraction occurring after the longer interval, and showed relatively little change thereafter. Maximum Discussion The results of the experiments described indicate that changes in the contraction rate of the intact human heart, over a wide physiological range, have little effect on the peak contractile force of the ventricle. Alterations of heart rate, however, produce major changes in the maximum rate of force development and the absolute time between the onset of contraction and the development of peak force. The significance of these findings are best appreciated when they are related to the basic mechanics of muscular contraction. The peak force that can be generated in an isometric contraction depends upon two factors: the rate with which force is developed, and the time provided for this force to be generated. According to Hill time to peak force of that contraction. These considerations apply if the duration of the active state is limited, and the force developed is always less than the maximum force which the contractile elements are capable of developing, conditions which exist with rhythmic contractions of heart muscle.
In isolated heart muscle preparations, both a "force staircase,',1 where a progressive rise in the force of contraction with increasing heart rate occurs, and a "reverse staircase,"4 5 where force of contraction falls with increasing heart rate, have been described. In the present studies of intact human hearts, a positive force staircase was not generally observed. With a progressive increase in rate, however, the maximum rate of force development, reflecting an increased velocity of contraction, was consistently augmented. This increased velocity, with a concomitant decrease in the time to peak force, and resultant constant force development, has been termed a "velocity staircase."'8' 19 Such a velocity staircase has also been noted in human heart muscle studied in vitro,20 and the significance of this experimental finding is reinforced by the present observations made in intact hearts in which coronary perfusion was normal. Since the maximum rate of force development and time to peak force vary directly with the intensity and duration of the active state, respectively, an increase in heart rate in man appears to result in an increase in the intensity of the active state. However, the concomitant shortening of the duration of active state is of such magnitude that peak force remains essentially unchanged. In descriptive terms, the "Bowditch or force staircase" and the "reverse staircase" are balanced in human heart muscle such that net force development remained relatively constant.4
The relations between duration and intensity of the active state and peak force described above are The usual force-frequency relationship observed in most animals is abolished if the myocardium is operating near the upper limit of its contractile response. 21 The absence of a demonstrable force staircase in this study, therefore, might be interpreted as indicating that the hearts of these patients, under the conditions of the investigation, were operating at the peaks of their contractile states. This was not the case, however, since force increased after a sudden decrease in rate and contractile force rose more than 50% in the two patients to whom isoproterenol was administered at the conclusion of the study. In isolated muscle preparations it has been demonstrated that digitalis glycosides also will prevent increased force with increased rate,21-23 but only when toxic doses of digitalis are employed.24 The patients studied displayed no evidences of digoxin toxicity, and since the results were similar in the patient not receiving digoxin, the absence of a force staircase cannot be attributed to the glycoside.
The present study demonstrates that in man an increase in heart rate produces significant changes in the intensity and duration of the active state. The inverse relation of these changes in active state results in an increase in the velocity of contraction but does not affect peak contractile force. The basic mechanisms by which the duration and intensity of the active state are altered inversely, so that peak force remains constant, are not apparent. However, the existence of such mechanisms permits the human ventricle to shorten its period of contraction when increases in heart rate occur, conserving the diastolic filling time without reducing the force of its contraction.
Summary
The effects of heart rate on the dynamics of force development in the ventricle were studied in the intact human heart. In the course of corrective cardiac operations, Walton-Brodie strain-gauge arches were sutured to the right ventricles of 11 patients. The peak contractile force, the time to peak force, and the maximum rate of change of force (df/dt) were determined at various heart rates, produced by electrical stimulation of the right atrium or right ventricle. As the rate was increased, from an average of 72 to 145 per minute, no significant change in peak contractile force was observed. The peak df/ dt, however, increased with each increment in heart rate, and the time to peak force decreased. This inverse relationship between peak df/ dt and time to peak force accounts for the constancy of the peak force observed within several contractions after heart rate was changed. Also, since df/dt and the time to peak force reflect the intensity and duration of the active state, respectively, an inverse relationship between these factors is implied.
Sudden changes in heart rate were associated with transient changes in peak contractile force, attributable to differences in the rates with which peak df/dt and time to peak force reached new constant values.
In man, therefore, a "velocity staircase," rather than a "force staircase," occurs with changes in heart rate. The possession of this mechanism apparently permits the human Circulation, Volume XXXIII, June 15)66
